The electrochemistry of Cd͑II͒ was studied with voltammetry and chronoamperometry at polycrystalline Pt, Ni, and W electrodes in the acidic zinc chloride-1-ethyl-3-methylimidazolium chloride (ZnCl 2 -EMIC) ionic liquid. Cd͑II͒ could be reduced to cadmium metal via a single-step quasi-reversible electron-transfer process. The redox potential of the Cd͑II͒/Cd couple shifted negatively as the acidity of the ionic liquid decreased. In addition, underpotential deposition of Cd was observed at Pt and Ni electrodes. This was related to the work function of these metals. Analysis of the chronoamperometric transient behavior revealed a threedimensional instantaneous nucleation/growth process for the electrodeposition of pure Cd at both Pt and W substrates. When the deposition potential was extended to the potential range where Zn͑II͒ reduction occurred, codeposition of Zn with Cd became possible. The dependency of the Cd-Zn codeposits composition on the deposition potential, temperature, and Cd͑II͒ concentration was investigated. Ambient temperature ionic liquids have attracted enormous attention as solvents for a wide variety of chemical and electrochemical applications.
Ambient temperature ionic liquids have attracted enormous attention as solvents for a wide variety of chemical and electrochemical applications. [1] [2] [3] These ionic liquids exhibit several fascinating features including good chemical and thermal stability, negligible vapor pressure, good electrical conductivity, and a wide electrochemical window. 1 The most well studied ambient temperature ionic liquid system is the aprotic aluminum chloride-1-ethyl-3-methylimidazolium chloride (AlCl 3 -EMIC) system which has been employed for the electrodeposition of a variety of pure metals and aluminum alloys. 4 While the fact that aluminum is able to be electrodeposited on metals such as nickel, cobalt, and gold through underpotential deposition ͑UPD͒ [5] [6] [7] makes the electrodeposition of useful Al-containing alloys possible, this fact makes the electrodeposition of Al-free alloys from chloroaluminates difficult. In addition, a considerable drawback of the AlCl 3 -EMIC ionic liquids is their high reactivity with air and water. Recently, lowtemperature dialkylimidazolium chlorozincate ionic liquids resulting from the combination of zinc chloride and 1-ethyl-3-methylimidazolium chloride has been reported. 8 Similar to the AlCl 3 -EMIC ionic liquids, the Lewis acidity of the zinc chloride-1-ethyl-3-methylimidazolium chloride (ZnCl 2 -EMIC) ionic liquids can be adjusted by varying the melt composition. It has been shown that Lewis acidic ZnCl 2 -EMIC melts ͑in which the mole percent of ZnCl 2 is higher than 33 mol %͒ are potentially useful for the electrodeposition of zinc and zinc-containing alloys. [8] [9] [10] Because these ionic liquids are aprotic solvents, complications associated with hydrogen evolution that often occur in aqueous baths are eliminated in the melts. Moreover, in contrast to the AlCl 3 -EMIC melts, the ZnCl 2 -EMIC melts do not react vigorously with air and water and are easier to handle.
Cadmium is an important chemical element because of the wide variety of its applications such as in the solar energy devices 11 and rechargeable batteries. 12 The understanding of the electrochemical behavior of the Cd͑II͒/Cd system is important for these applications. Numerous examples of the electrochemical study of cadmium in aqueous solutions are available in the literature, 13 but studies of the electrochemical behavior of cadmium in low-temperature ionic liquids are relatively limited. Dymek et al.
14 evaluated a cadmiumbromine rechargeable battery using a basic AlCl 3 -EMIC ionic liquid as electrolyte. Noel and Osteryoung 15 reported briefly the use of CdCl 2 /CdCl 4 2Ϫ couple as a buffer for neutral AlCl 3 -EMIC ionic liquid. Recently, the electrochemistry of cadmium was studied in a water-stable ambient temperature EMI-BF 4 ionic liquid containing excess chloride ions. 16 The ambient temperature ionic liquids used in these previous studies are either basic or neutral. No study of cadmium in Lewis acidic ambient-temperature ionic liquid has been reported. In this article, the electrochemistry and electrodeposition of cadmium and cadmium-zinc codeposit in the Lewis acidic ZnCl 2 -EMIC ionic liquids are investigated. The effect of Cd͑II͒ concentration, deposition potential, and temperature on the composition of the electrodeposited Cd-Zn codeposits are described.
Experimental
Apparatus.-All electrochemical experiments were conducted inside a Vacuum Atmospheres glove box filled with dry nitrogen. The moisture and oxygen level in the box was kept lower than 1 ppm. The electrochemical experiments were accomplished with an EG&G model 273A potentiostat/galvanostat controlled with EG&G model 270 software. A three-electrode electrochemical cell was used for the electrochemical experiments. The tungsten working electrodes ͑geometric area 0.08 cm 2 ͒ were fabricated by sealing a piece of tungsten rod ͑Stream, 99.99%͒ into Pyrex tubes followed by cutting off the tip of the tube to expose the electrode surface. The nickel working electrode ͑geometric area 0.08 cm 2 ͒ was made by inserting a piece of nickel rod ͑Stream, 99.99%͒ into a Teflon tube. The platinum working electrode ͑geometric area 0.02 cm 2 ͒ was purchased from Bioanalytical Systems. All the electrodes were polished successively with increasingly finer grades of emery paper followed by silicon carbide grit, and finally to a mirror finish with aqueous slurry of 0.05 m alumina, rinsed with distilled water, and dried under vacuum. Bulk electrodeposits were prepared on nickel foils ͑0.5 ϫ 0.5 cm, Aldrich 99.99%͒. The counter electrode was a zinc spiral ͑Aldrich, 99.99%͒ immersed in pure 50.0-50.0 mol % ZnCl 2 -EMIC melt contained in a fritted glass tube. The reference electrode was a Zn wire placed in a separate fritted glass tube containing pure 50.0-50.0 mol % ZnCl 2 -EMIC melt. The same charge density was used for all the deposition experiments. Because the ZnCl 2 -EMIC ionic liquid does not react violently with water, the residual ionic liquid on the electrodeposits coated nickel foil electrode was removed easily by rinsing with warm (ϳ50°C) deionized ͑DI͒ water following each deposition experiment. A Hitachi S-4200 field effect scanning electron microscope ͑SEM͒ with energy-dispersive spectrometer ͑EDS͒ working at 15 kV was used to examine the surface topography and the elemental compositions of the electrodeposits.
Chemicals.-The EMIC was prepared and purified according to the method described in the literature. 17 The ZnCl 2 -EMIC melts were prepared in the glove box by mixing proper amounts of ZnCl 2 ͑99.99%, Aldrich͒ and EMIC in a beaker followed by heating at 90°C for 2 days. The resulting ionic liquids were colorless. Anhydrous CdCl 2 ͑99.999%͒ were purchased from Aldrich and used as received.
Results and Discussion
Voltammetric studies.-Cd͑II͒ was introduced into the 40.0-60.0 mol % ZnCl 2 -EMIC melt by dissolution of CdCl 2 at 90°C to give colorless solutions. Typical staircase cyclic voltammograms ͑CVs͒ for the Cd͑II͒ solution in the 40.0-60.0 mol % ZnCl 2 -EMIC melt at polycrystalline tungsten, nickel, and platinum electrodes are shown in Fig. 1 18 Overall, these results suggest that the Cd͑II͒ reduction is quasi-reversible at tungsten, platinum, and nickel substrates. Similar quasi-reversible behavior was previously found for Cd͑II͒/Cd in a basic EMI•Cl•BF 4 melt 16 and for Ag͑I͒/Ag, 19 Sn͑II͒Sn, 20 and Zn͑II͒/Zn 21 reactions in acidic AlCl 3 -EMIC melts.
It is shown in Fig. 1 that while the reoxidation of the Cd deposits at W electrode gave a single sharp stripping peak ͑wave a 1 ͒, the reoxidation of the Cd deposits at Ni and Pt electrodes resulted in multiple stripping peaks ͑waves a 1 , a 1 Ј͒. The results from a series of experiments revealed that both waves a 1 and a 1 Ј increased in magnitude as the deposition period at wave c 1 increased. However, wave a 1 increased much faster than wave a 1 Ј did. Furthermore, it was found that wave a 1 occurred at the same potential as the bulk cadmium oxidation that was observed on the CV of a cadmium pellet in a pure 40.0-60.0 mol % ZnCl 2 -EMIC melt at the same temperature. Therefore, at the Ni or Pt electrodes, the cadmium electrodeposits were of different energy states; wave a 1 results from the oxidation of the bulk Cd deposits and wave a 1 Ј is due to the oxidation of the Cd deposits that directly interacted with the electrode substrate. The different Cd͑II͒ electrochemical behavior observed at the different electrodes can be realized by the fact that the electronic work function of Cd ͑4.22 eV͒ is close to that of W ͑4.55 eV͒ but fairly smaller than that of Pt ͑5.65 eV͒ and Ni ͑5.15 eV͒. 22 It is known 23 that when the electronic work function of the deposited metal is much smaller than the work function of the electrode substrate, strong metal-electrode interaction ͑such as alloying͒ occurs, which makes the deposition energetically favorable, and the deposited metal binds to the electrode surface more strongly than in the corresponding metal crystal lattice. As a result from such interaction, the metal deposit that is bound to the electrode substrate would be oxidized at a potential more positive than the oxidation of the de- 24 The insets in Fig. 1 illustrate that if the current scale of the voltammograms is greatly magnified in the potential region preceding the bulk deposition of Cd, then the small surface waves arise from the UPD. Stripping of Cd can be observed starting at around 0.80 and 0.45 V at Pt and Ni electrodes, respectively. The theoretical charge corresponding to the formation of a close-packed monolayer of cadmium is 3.91 ϫ 10 Ϫ6 C on a Pt electrode and 1.56 ϫ 10 Ϫ5 C on a Ni electrode. Integration of the reduction current under the UPD wave gives a charge of 6.25 ϫ 10 Ϫ6 C on Pt and a charge of 2.81 ϫ 10 Ϫ5 C on Ni substrates. Thus, the experimental charges suggest that the UPD of cadmium on the Pt and Ni electrodes may be of approximately one and two monolayers. The differences in the experimental and theoretical charges could also be due to the roughness of the electrode surface. The potential difference between the UPD stripping peak and that of the bulk metal deposit, ⌬E p , can be correlated to the difference in the work functions between the substrate, S , and the electrodeposited metal, M , according to the following empirical expression
in which ␣ ϭ 0.5 for most cases that do not involve complicated interactions between the substrate and deposit. A plot of ⌬E p vs. S Ϫ M that was constructed from the experimental data of the UPD of Cd on Pt and Ni is presented in Fig. 2 . Assuming it passes through the origin, this plot is linear and the slope of this plot indicates an ␣ of 0.56, which is fairly close to the classical value 0.5. This behavior is similar to that reported in an investigation of zinc UPD on Pt and gold electrodes in acidic ambient temperature chloroaluminate melts. 21 Staircase CVs for Cd͑II͒ at polycrystalline Pt, Ni, and W electrodes were also recorded in a more acidic 50.0-50.0 mol % ZnCl 2 -EMIC melt. Voltammetric behavior similar to those in the 40.0-60.0 mol % melt was observed except that the redox reactions shifted to more positive potential in the 50.0-50.0 mol % ZnCl 2 -EMIC melt.
Nucleation studies of cadmium electrodeposition.-To further study the nucleation/growth process for the electrodeposition of Cd͑II͒, chronoamperometry experiments were performed at W, Pt, and Ni electrodes. These experiments were carried out by stepping the potential of the working electrode from a value where no reduction of Cd͑II͒ would occur to potentials sufficient negative to initiate nucleation/growth process after a short induction time, t o . It was found that in the 40.0-60.0 mol % ZnCl 2 -EMIC melt, the Cd nucleation occurred with an extremely short t o and the experimental current-time transients were not very reproducible at all the three electrodes. Similar behavior was also observed at the Ni electrode in the 50.0-50.0 mol % ZnCl 2 -EMIC melt. Thus, only the results obtained at W and Pt electrodes in the 50.0-50.0 mol % ZnCl 2 -EMIC melt solution are discussed. Figure 3 displays the typical current-time transients from the chronoamperometry experiments for cadmium deposition in the 50.0-50.0 mol % ZnCl 2 -EMIC melt at Pt and W electrodes. These transients all exhibit the classic shape for a nucleation process: after the decay of a sharp electrode double-layer charging current, the faradaic current increases due to the nucleation and growth of cadmium nuclei. This rising current eventually reaches a current maximum, i m , as the discrete diffusion zones for each of the growing crystallites begin to overlap at time t m . After time t m , the current starts to decay due to the increase of the diffusion layer thickness. Examining the current-time transients in Fig. 3 reveals that the nucleation/growth process of Cd at Pt substrate reaches t m faster than at W substrate, and the values of the i m observed at Pt are in general higher than those observed at W. These observations suggest that the nucleation/growth of Cd occurs at Pt substrate more readily than at W. It can also be seen in Fig. 3 that after t m , the transients converge to the experimental diffusion-limited Cottrell current at a longer time, indicating the growth of cadmium nuclei at Pt and W electrodes are diffusion limited.
The experimental current-time transients can be expressed in normalized dimensionless forms to generate plots of (i/i m ) 2 vs. (t/t m ). These experimental plots are compared to the theoretical dimensionless current transients derived for the case of threedimensional instantaneous and progressive nucleation/growth, respectively. 25 The experimental and theoretical plots are shown in Fig. 4 . It is apparent from this figure that the electrodeposition of Cd at both Pt and W substrates involves the three-dimensional instantaneous nucleation/growth process. This behavior is different from that observed for the electrodeposition of Cd in the basic EMIC•Cl•BF 4 ambient temperature molten salt, in which the reduction of Cd proceeded via three-dimensional progressive nucleation/growth. 16 For the three-dimensional instantaneous nucleation/growth process, the number density of formed nuclei (N s ), can be estimated from the i m and t m of the peak in the chronoamperograms as described by the following where D and C are the diffusion coefficient and concentration of the Cd͑II͒, respectively, m and are the molar weight and density of the metal deposit, respectively, and all other symbols have their usual meaning. The use of Eq. 2 and 3 requires the value of D. Alternatively, N s can be calculated with a more convenient relationship, Eq. 5, which can be derived from the combination of Eq. 2 and 3 
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The results of these calculations are collected in Table II. This table  shows the increase in N s and the decrease in r for the cadmium nuclei with increasing overpotential on both electrodes. Moreover, higher values of N s and thus, lower values of r for the Cd nuclei are obtained at Pt substrate than at W substrate, indicating that the nucleation of Cd at the Pt electrode is more readily attained than at the W electrode. This result is consistent with the observation in Fig.  1 . Figure 1 shows that it requires a substantial overpotential to initiate the cadmium deposition on tungsten electrode, but no appreciable overpotential is needed for the cadmium deposition on platinum electrode.
Electrodeposition of Cd-Zn codeposit.- Figure 5 shows the staircase CVs obtained for solutions containing different concentrations of Cd͑II͒. In these voltammograms the cathodic potential scan was reversed at a potential where the reduction of Zn͑II͒ to Zn metal had occurred. It can be seen from this figure that waves c 1 and a 1 increase with increasing Cd͑II͒ concentration. However, the magnitude of wave a 2 , which is due to the stripping of zinc electrodeposits, is obscured with increasing Cd͑II͒ concentration. It is likely that some of the Zn is covered by Cd and is consequently unable to be stripped until the Cd stripping potential is reached. This phenomenon become more pronounced as the Cd͑II͒ concentration increases. According to the phase diagram, 26 Cd-Zn is a simple eutectic system; Cd and Zn have very low mutual solubility and do not form any compound at room temperature. Therefore, the Cd-Zn electrodeposit would consist of a two-phase mixture of Cd and Zn crystals.
A pulse voltammogram constructed from a series of chronoamperometric current-time transients acquired at different potentials at a polycrystalline tungsten electrode in unstirred melt containing Cd͑II͒ is shown in Fig. 6 . The data used to construct this voltammogram were obtained by stepping the electrode potential from an initial value of 0.5 V, where no faradaic reaction occurs, to the potentials of interest. The current was sampled at 10 s following the application of the potential pulse and plotted as a function of applied potential. This pulse voltammogram shows that the deposition current of Cd͑II͒ increases initially and reaches a constant value when the potential is more negative than Ϫ0.15 V, indicating that the Cd deposition has reached the diffusion limiting current. This voltammogram also shows that the deposition of Zn begins after Cd͑II͒ deposition current has reached the limiting value. In addition, the Zn deposition current increases with decreasing potential, indicating that the Zn deposition has not reached the diffusion limiting current but is under mixed diffusion and charge-transfer control within the potential range examined.
Deposits of Cd and Cd-Zn were prepared with constant potential electrolysis on nickel substrates from acidic ZnCl 2 -EMIC ionic liquids containing Cd͑II͒. The same charge density was passed for each of the deposition experiments. Following each deposition experiment, the electrode was rinsed with warm deionized water to remove residual ionic liquid and then dried. The compositions of the deposits were analyzed with EDS, and the surface morphologies of the deposits were examined with SEM. EDS analysis of these electrodeposits indicated that they contained no trace of chlorine, indicating that no residual ionic liquid remained in the deposits. Figure 7 shows plots of Cd content in the electrodeposits vs. E that were constructed from the electrodeposits prepared at Ni substrate in 40.0-60.0 mol % ZnCl 2 -EMIC melt solutions containing different concentrations of Cd͑II͒ at 90°C. These plots show that the Cd content in the codeposit is dependent on both potential and the Cd͑II͒ concentration. With each cadmium concentration, the cadmium content in the codeposit decreases as the applied potential becomes more negative. At each applied potential, the Cd content in the codeposit increases with increasing Cd͑II͒ concentrations in the plating bath. This kind of result is not surprising because the concentration of Zn͑II͒ in the solution is constant and increased Cd͑II͒ concentration does not promote the Zn deposition rate. These data indicate that it is possible to prepare Cd-Zn electrodeposits in the ZnCl 2 -EMIC melt with different atomic mole fractions of Zn by varying the Cd͑II͒ concentration.
Increasing the deposition temperature increases the masstransport rates of metal ions in the plating bath as well as decreases the overpotentials required for the deposition of metals. As a result, the composition of the electrodeposits may change with temperature. In general, increasing the temperature usually increases the content of the more noble metal in the deposit. 27 Figure 8 illustrates the effect of temperature on the composition of the Cd-Zn electrodeposits that were prepared from 40.0-60.0 mol % ZnCl 2 -EMIC ionic liquid containing 30 mM Cd͑II͒. This figure shows that the Cd content in the Cd-Zn deposits increases slightly as the temperature increases. This result is consistent with the fact that Cd is the more noble metal in the Cd-Zn deposits. Figure 9 shows the dependence of the Cd-Zn codeposit composition on the ionic liquid composition. This figure shows that the Cd content of the Cd-Zn electrodeposits obtained from two different melts ͑40.0-60.0 and 50.0-50.0 mol %͒ exhibits similar dependence on the applied potential. However, electrodeposition of Cd-Zn codeposits with a fixed Cd content requires a less negative applied potential in the more acidic melts ͑50.0-50.0 mol % ZnCl 2 -EMIC͒. This is because as the ionic liquid becomes more acidic ͑mol % of Zn in the ionic liquid increases͒, the redox potentials of both Cd͑II͒/Cd and Zn͑II͒/Zn shift to more positive values. If the Cd content vs. E plots were reconstructed to plots of Cd atom % vs. the applied overpotential ( ϭ E Ϫ E eq ) with respect to cadmium, then it was found that electrodeposits with the same composition were obtained when the same deposition overpotential was applied regardless of the ionic liquid composition.
The morphologies of the Cd and Cd-Zn electrodeposits obtained from 40.0-60.0 mol % ZnCl 2 -EMIC ionic liquid solutions are shown in Fig. 10 . The pure Cd deposits obtained at a more positive potential consist of polygonal crystals ͑Fig. 10a and b͒. The crystal size decreases as the deposition potential becomes more negative ͑Fig. 10b͒ because the nuclear density is higher. When the deposition potential is even more negative than where codeposition of zinc occurs, the surface morphology of the electrodeposits loses its crystal appearance ͑Fig. 10c͒ and becomes more like a sintered structure. All the electrodeposits were found to adhere well on the nickel substrate. Figure 11 shows the surface morphologies of the electrodeposits of Cd and Cd-Zn from the more acidic 50.0-50.0 mol % ZnCl 2 -EMIC melt solution. As indicated in Fig. 11a , pure Cd electrodeposits obtained from the 50.0-50.0 mol % ZnCl 2 -EMIC solution exhibit also the polygonal crystalline appearance similar to those obtained from the 40.0-60.0 mol % ZnCl 2 -EMIC melt. Different from the electrodeposits obtained in the 40.0-60.0 mol % ZnCl 2 -EMIC melt, the Cd-Zn electrodeposits obtained from the 50.0-50.0 mol % ZnCl 2 -EMIC melt are, however, covered by small needles ͑Fig. 11b͒. Similar needle-like deposits have also been observed for the pure zinc electrodeposits obtained from a similar ZnCl 2 -EMIC ionic liquid. 8 
Conclusions
The electrochemistry of Cd͑II͒ was investigated in the acidic ZnCl 2 -EMIC ionic liquids. Cd͑II͒ could be reduced to cadmium metal via a single-step quasi-reversible electron-transfer process. In contrast to the three-dimensional progressive nucleation/growth that was observed for the electrodeposition of Cd in the basic EMIC•Cl•BF 4 ambient temperature ionic liquid, the electrodeposition of Cd in the acidic ZnCl 2 -EMIC ionic liquids at both Pt and W substrates involves three-dimensional instantaneous nucleation/ growth. The growth of Cd nuclei at Pt and W is diffusion limited. The nuclear number density of Cd deposit at Pt appears to be higher than that at W. At more negative deposition potential, zinc can be codeposited with cadmium. The Cd content in the Cd-Zn electrodeposits can be increased by increasing the Cd͑II͒ concentration or by increasing the deposition temperature. Electrodeposition of Cd-Zn codeposits with a fixed Cd content requires a less negative applied potential in the more acidic melts ͑50.0-50.0 mol % ZnCl 2 -EMIC͒.
